Eleven kinds of hammerhead ribozymes were designed and synthesized to investigate the structural composition of the complexes and to find suitable crystallization conditions, the substrate chains having been modified to prevent hydrolysis. Electrophoresis patterns indicated that the two strands except for the substrate chain form a binary complex and that they form a ternary complex when mixed with the substrate chain. Both complexes were crystallized. The crystal of the binary complex belongs to a Laue symmetry of 32 (space group of P321, P3i21, or P3221) with cell dimensions of a=6 = 53.4 and c = 59.4 A. The volume per one nucleotide allows the asymmetric unit to contain one binary complex. Our results suggest that the catalytic part forms a rigid ribozyme structure which induces a scissile reaction when the substrate is bound, in a similar manner to an enzyme protein.
Discovery of functional RNA molecules that behave like enzymes has changed our concept of the role of nucleic acids in biological systems (1) . Examples include hammerhead ribozymes, which participate in "molecular recognition" and "catalysis" during mRNA processing (2) . They are classified into several types according to the source and the secondary structure characteristics (3) . It has been postulated that hammerhead ribozymes have a common structure which is basically composed of three RNA segments, the consensus sequences of which form a core structure supported by the three stems (4) (5) (6) . Several oligonucleotides have been synthesized and examined to identify the essential structure required for the ribozyme function, which catalyzes a frans-esterification of a 3',5'-phosphodiester bond to yield two chains with a 2',3'-cyclic phosphodiester and a free 5'-hydroxyl group in an Mg^-dependent reaction (7) .
To investigate the tertiary structure of ribozymes, NMR experiments were attempted and the stem parts were identified (8) . As a preliminary to X-ray analysis, we conducted crystallographic studies on eleven kinds of hammerhead ribozymes with different nucleotide sequences. All the ribozymes contain the RNA substrate chain with chemical modification at the reaction site to prevent hydrolysis. Recently other catalytic RNAs have been crystallized (9) (10) (11) . Our ribozymes, derived originally from transcripts of the satellite DNA2 of newt (12) , are the smallest ones, designed so as to allow identification of the minimum essential structure.
The image of hammerhead ribozyme has been always described including the substrate chain, though the structural composition in solution is still ambiguous. The question arises, (i) does the hammerhead ribozyme always require the substrate chain to assemble a rigid structure, or (ii) can the two chains form an enzymatic structure without substrate. In case (i), the two strands would not form any structure without the substrate chain and its addition would cause formation of a ternary complex, leading to scission of the substrate chain. In the latter case, the two strands would always form a rigid ribozyme structure which causes a catalytic reaction when the substrate is bound, like an enzyme protein in principle. In this paper we will report the structural composition of hammerhead ribozymes revealed by electrophoresis and crystallographic studies.
EXPERIMENTAL
Materials-Several kinds of hammerhead ribozymes were designed by changing nucleotides except for the core, with the consensus sequence shown in Fig. 1 . Each oligonucleotide was synthesized separately by the phosphoramidite method (13) . Their catalytic properties have already been tested (13) . For the present work, the substrate chains were modified at the scissile site by substitution of the 02' hydroxyl group with a methoxyl, an o-nitrobenzoxyl, or a fluoro group to prevent cleavage (13, 14) .
Crystallization-Synthesized oligonucleotides were dissolved in 20 mM Na-cacodylate buffer and mixed in equimolar ratio to form a hammerhead ribozyme including the modified substrate chain. Crystallization conditions were surveyed by using the hanging-and the sitting-drop vapor diffusion methods at different temperatures and in the pH range of 6-7.8 with 10-200 mM MgCl 2 and 10-100 mM spermine 4HC1, and with 5-30% 2-methyl-2,4-pentanediol as a precipitant. The eleven kinds of hammerhead ribozymes examined are shown in Fig. 2 . To ensure complex formation, the ternary mixture (CL-2, CL-3m, and CL-4) of R10 was first incubated without magnesium by changing the molar ratio of the substrate from 1 to 5, or by heating for 2 min at 80°C, followed by slow cooling to room temperature over 2 h, and then crystallized under the same conditions as described above. Crystallizations of binary mixtures of the catalytic strands of R10 or Rl 1 were also performed in an incubator at 25'C by controlling the ionic concentration finely between the drop and the reservoir solution.
HPLC Analysis-Single crystals obtained from the ternary mixture of R10 were separated from the mother liquor by centrifugation and dissolved in the same buffer solution after washing. This solution, the mother liquor and the initial ternary mixture were charged independently on X-Ray Measurement-All X-ray experiments were done using a synchrotron radiation source (A. =1.0 A) at the Photon Factory of KEK in Tsukuba. A crystal obtained from the binary mixture of CL-2 and CL-4 was sealed in a glass capillary and mounted on a goniometer head, the long axis of the crystal being along the spindle axis. The diffraction patterns were recorded on imaging plates using a Weissenberg camera for macromolecules (15) with a collimator of 0.1x0.1 mm square and crystal-to-imaging plate distance of 286.7 mm. The oscillation angle for each shot was 9.5' in o> and the coupling constant between rotation of the specimen and the movement of the film cassette was 27mm. In the same way, diffraction patterns of a crystal obtained from the ternary mixture of R10 were taken. By using the computer program WEIS (16), diffraction spots recorded on imaging plates were indexed and integrated to evaluate their intensities, and then they were merged on a common scale.
Electrophoresis-Gel electrophoresis was carried out at 25"C in 20% polyacrylamide gel using 500 mM Tris-borate buffer solution (pH 8.2) containing 100 mM Mg-acetate and 100 mM Na-acetate. The component oligonucleotides of R10 and Rl 1 were dissolved in 20 mM Na-cacodylate buffer (pH 7.8) separately, and they, their binary mixtures and the ternary mixture were charged on the gel. All electrophoresis experiments were done at room temperature without heat treatment of the samples. The ternary complex formation was examined by heating the mixtures for 2 min at 80*C followed by slow cooling to room temperature over 2h, in order to release each oligonucleotide from adopting secondary structure and to ensure complex formation.
CL-3Cm
RESULTS AND DISCUSSION Figure 3 shows the electrophoresis patterns of RIO and Rll. Lanes 1, 2, and 3 are for individual segments. Lanes 4, 5, and 6 are for the binary (1:1) mixtures in different combination, and 7 is for the ternary (1:1:1) mixture. The substrate chain, CL-3Cm in Fig. 3a , moves more slowly than CL-4 despite its shorter length, suggesting that CL-3Cm exists as a dimer, in which eight of 10 bases can form base pairings as shown in Fig. 4 . Therefore another substrate chain, CL-3CmN of the same length as CL-3Cm, was designed so as not to form such a duplex and used to make Rl 1. It ran at the expected position in Fig. 3b (slightly faster than CL-4). This also strongly supports the duplex formation of CL-3Cm. In either combination of CL-3Cm with CL-2 or with CL-4, the binary mixtures showed two bands corresponding to each chain, indicating that the two chains in these combinations exist separately without any interaction. In contrast, the combination of CL-2 and CL-4 showed a single band of slow mobility, indicating complex formation between them. The ternary mixture showed two bands just corresponding to the duplex of CL-3Cm, and the binary complex of CL-2 and CL-4. If CL-3Cm's are associated with themselves in solution, it would be possible to dissociate them by heating. Figure 5 shows the electrophoresis patterns of the ternary mixtures, without heating (lane 1) and with heating followed by annealing (lane 2). Both have two bands, but the upper band in lane 2 is slightly broadened upward, suggesting the coexistence of a ternary complex together with the CL-3Cm duplex and the CL-2: CL-4 binary complex after heat treatment.
In the combinations of Rll (Fig. 3b) , only the binary mixture of CL-2N and CL-4 shows a single band of slow mobility, indicating complex formation similar to that of RIO. The single band in lane 6 is interpreted to be the superimposed bands of CL-3CmN and CL-4. The ternary mixture of CL-2N, CL-4, and CL-3CmN shows a single band (lane 7). Even when heated, it showed a single band only, with no change in its mobility (compare lanes 3 and 4 in Fig. 5 ). Such behavior indicated that the substrate chain, CL-3mN, which does not form a duplex, immediately binds to the catalytic strands to form the ternary complex. It is possible to assume that the substrate chain binds to the binary complex, when added, by inducing a conformational change of the catalytic strands. Although the substrate in this work was blocked as regards trans-esterification reaction by the methyl group, the real substrate might be cleaved after binding to the catalytic binary complex.
As another approach, we undertook crystallographic studies of these ribozymes. The results of crystallization are summarized in Table I . Among the eleven ribozymes, only RlO gave single crystals from the ternary mixture of CL-2, CL-4, and CL-3Cm, which were suitable for X-ray work. Some of the other ribozymes, which were precipitated as microcrystals, might afford single crystals after further studies. The composition of the RIO crystals thus obtained was analyzed by HPLC. In Fig. 6 , it can be seen that the crystal contained only CL-2 and CL-4 in equimolar ratio and CL-3Cm remained in the mother liquor. This is consistent with the results of the electrophoresis experiments mentioned above.
Such a binary complex formation was further confirmed by crystallization. Prom the binary mixture of CL-2 and CL-4, single crystals (Fig. 7) were grown to 0.05 X 0.05 X 0.12 mm in size by controlling the ionic strength between the hanging drop containing the sample and the reservoir solution. These crystals have a similar shape to those obtained from the ternary mixture of RlO. Furthermore, X-ray diffraction indicated that they are crystallographically the same. For the binary complex between CL-2 and CL-4, it is difficult to predict the secondary structure except in the stem region (Fig. 8) . X-ray analysis will give us knowledge of the interactions between bases or between base and ribose phosphate backbone to form the complex structure. We therefore collected X-ray data of the binary complex to solve the structure.
The crystal obtained from the binary mixture of CL-2 and CL-4 gave reflections up to 4.5 A resolution at room temperature (Fig. 9) . From the diffraction patterns, it was determined that the unit cell had a Laue symmetry of 32 with a space group of P321, P3,21, or P3 2 21, and that the lattice constants were a=6=53.4 and c = 59.4A. The number of molecules in the asymmetric unit can be estimated from the volume per nucleotide, V N . For the present discussion, we calculated the volumes from 131 available data in the Protein Data Bank of 1993 (17) . They varied slightly in the range of 500-980 A 3 according to the size of the molecules, as can be seen in Fig. 10 . Such a correlation may reflect the packing effect. Similar values were reported by several authors in reviews (18) (19) (20) . The value of V N for the present crystal was evaluated as 740 A 3 , when it was assumed that the asymmetric unit contained one unit of the binary complex. This value is close to the correlation line within the range mentioned above. In all, 3,016 reflections with F 0 >3<y were collected, 519 of which were independent. iJsym and -flange were 0.046 and 0.049, respectively. Crystals of heavy-atom derivatives are in preparation to solve the structure by the multiple isomorphous replacement method.
In order to crystallize the ternary complex of RIO, it is necessary to release the substrate chain from the duplex. Pre-heating and annealing a solution of the ternary mixture should be an effective way to ensure complex formation (8) . From crystallizations based on this approach, we obtained small crystals with different shape, suggesting ternary complex formation. They are still too small for X-ray analysis, but a suitable crystal should become available soon.
Hammerhead ribozymes have been defined including the substrate chain, without any evidence for the structural composition. It was not clear whether they always require the substrate chain to assemble a rigid structure. Our results show that the two catalytic strands formed a rigid complex, and it is possible that the catalytic binary complex forms a ternary complex when mixed with the substrate chain in solution. Hammerhead ribozymes may be thus defined in two parts, the catalytic and the substrate parts, like an enzyme protein in principle. If this is the case, comparative studies of the three-dimensional structures of the binary and the ternary complexes will be most interesting.
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